Abstract: Anaerobic degradation of 2,4,6-trinitrotoluene (TNT) was studied under sulfate-and nitrate-reducing conditions using enrichment cultures developed from a TNT-contaminated soil from the Louisiana Army Ammunition Plant (LAAP) in Minden, Louisiana, USA. The soil samples were enriched using mineral salt media with either nitrate or sulfate as electron acceptors in the presence of TNT under strict anaerobic conditions. The enriched samples were experimented with TNT as either the sole source of carbon or nitrogen and also under co-metabolic conditions with molasses as co-substrate. The results revealed that TNT was removed under both electron acceptor conditions. However, the TNT degradation efficiency was significantly higher under sulfate-reducing conditions than the nitrate-reducing conditions. Under sulfatereducing conditions, TNT removal was faster when molasses was used as co-substrate. The metabolic analysis showed that TNT was mineralized and the major end product was acetic acid, CO2, and ammonia. A soil slurry reactor with TNT-contaminated soil showed more than 90% of TNT removal within 60 days of incubation.
Introduction
Many xenobiotic chemicals introduced into the environment for agricultural and industrial use are nitrosubstituted aromatics. Nitro groups in the aromatic ring are often implicated as the cause of the persistence and toxicity of such compounds. Nitroaromatic compounds enter soil, water, and food by several routes, such as use of pesticides, plastics, pharmaceuticals, landfill dumping of industrial wastes, and the military use of explosives (Kalderis et al. 2011) . The nitroaromatic compound trinitrotoluene (TNT) has been introduced into soil and water ecosystems mainly by military activities like the manufacture, loading, and disposal of explosives and propellants.
Biotransformation of TNT and other nitroaromatics by aerobic bacteria in the laboratory has been reported frequently (McCormick et al. 1976; Dickel & Knackmuss 1991; Duque et al. 1993; Funk et al. 1981 Funk et al. , 1993 Nishino & Spain 1993; Boopathy et al. 1994a,b) . Biodegradation of 2,4-dinitrotoluene by a Pseudomonas sp. has been reported to occur via 4-methyl-5-nitrocatechol in a dioxygenase-mediated reaction (Spanggord et al. 1991) . Duque et al. (1993) successfully constructed a Pseudomonas hybrid strain that mineralized TNT. White rot fungus has been shown to mineralize radiolabeled TNT (Fernando et al. 1990 ). The work of Spiker et al. (1992) showed that Phanerochaete chrysosporium is not a good candidate for bioremediation of TNT-contaminated sites containing high concentration of explosives because of its high sensitivity to contaminants. Michels & Gottschalk (1994) showed that the lignin peroxidase activity of P. chrysosporium is inhibited by the TNT intermediate hydroxylamino-dinitrotoluene. Valli et al. (1992) found that 2,4-dinitrotoluene is degraded completely by the white rot fungus.
Ecological observations suggest that sulfate-reducing and methanogenic bacteria might metabolize nitroaromatic compounds under anaerobic conditions if appropriate electron donors and electron acceptors are present in the environment (Boopathy 2007) . Under anaerobic conditions, the sulfate-reducing bacterium, Desulfovibrio sp. (B strain) transformed TNT to toluene (Boopathy & Kulpa 1992; Boopathy et al. 1993 ) by reduction. Gorontzy et al. (1993) reported that under anaerobic conditions, methanogenic bacteria reduced nitrophenols and nitrobenzoic acids. Preuss et al. (1993) demonstrated conversion of TNT to triaminotoluene by a Desulfovibrio sp.
The anaerobic bacterial metabolism of nitroaromatics has not been studied as extensively as of aerobic pathways, perhaps because of the difficulty in working with anaerobic cultures and perhaps the slow growth of anaerobes. Earlier studies on anaerobic metabolism of nitroaromatic compounds by McCormick et al. (1976) laid the foundations for such study and established the usefulness of anaerobic organisms. Successful demonstration of degradation of hexahydro-1,2,3-trinitro-1,3,5-triazine by sewage sludge (McCormick et al. 1981; Carpenter et al. 1978) under anaerobic conditions further demonstrated the usefulness of anaerobes in waste treatment. The hexahydro-1,2,3-trinitro-1,3,5-triazine was reduced sequentially by the anaerobes to the nitroso derivatives, which were further converted to formaldehyde and methanol. Hallas & Alexander (1983) showed successful transformation of nitrobenzene, nitrobenzoic acid, nitrotoluene, and nitroaniline by sewage sludge under anaerobic conditions. Boopathy & Kulpa (1994) isolated a methanogen, Methanococcus sp. from a lake sediment, which transformed TNT to 2,4-diaminonitrotoluene. This organism also transformed nitrobenzene and nitrophenol. The intermediates observed were amino derivatives of the parent compounds. According to some reports, the reductive transformation of nitroaromatic compounds leads to detoxification of the substance (Boyd et al. 1983; Battersby & Wilson 1989) . The observation of sulfate reducers and methanogenic bacteria by many workers (Boopathy et al. 1993; Gorontzy et al. 1993; Preuss et al. 1993; Boopathy & Kulpa 1994; Boopathy 2007) suggests that these organisms could be exploited for bioremediation under anaerobic conditions by supplying proper electron donors and electron acceptors.
Recent reports on explosive degradation indicate the usefulness of mixed bacteria in soil and nutrient conditions for maximum removal of explosives (Markis et al. 2010; Ziganshin et al. 2010; Montgomery et al. 2011; Rylott et al. 2011; Mutter et al. 2012; Solyanikova et al. 2012; Claus, 2014) . Another aspect of research involves hydride-mediated reduction of TNT with subsequent degradation by yeast. Ziganshin et al. (2007a) reported the TNT transformation by a yeast strain, Yarrowia lipolytica, by two different pathways and the authors reported production of eight different hydride complexes and nitrite release from TNT by the yeast. Another yeast, Geotrichum sp. AN-Z4 was also reported to have a new pathway of TNT degradation by hydride ionmediated reduction of the aromatic ring and production of high amount of nitrites (Ziganshin et al. 2007b ).
There are very limited reports available on anaerobic degradation of TNT compared to aerobic condition. Therefore, this work was conducted to study anaerobic degradation of TNT under sulfate-and nitratereducing conditions using TNT-contaminated soil. The results indicated sulfate-reducing conditions significantly degraded TNT to CO 2 , ammonia, and acetic acid.
Material and methods

Soil
The contaminated soil was collected from the Louisiana Army Ammunition Plant (LAAP) in Minden, Louisiana, USA. The TNT concentration in the soil ranged from 4,000 to 10,000 mg/kg of soil. The soil had a total organic carbon content of 4.5%. The pH of the soil was 6.5.
Chemicals
Radiolabeled TNT (uniformly labeled, specific activity 21.5 µCi/mM, 98% pure) was purchased from Chemsyn Science laboratories, Lenexa, Kansas. The non-radioactive TNT was obtained from Chem Service Inc., West Chester, Pennsylvania. All other chemicals were of reagent grade.
Enrichment cultures
The TNT-contaminated soil sample collected from LAAP in Minden, Louisiana was enriched under anaerobic conditions using either sulfate or nitrate as electron acceptors. The anaerobic technique described by Balch & Wolfe (1976) was used throughout the study. The medium used for the enrichment consisted of the following components (mM): KH2PO4 (2.94), K2HPO4 (1.15), NH4Cl (9.35), NaCl (10.27), MgCl2 (0.5), CaCl2 (0.34), molasses (0.1%) and yeast extract (0.1 g/L). For sulfate-and nitrate-reducing conditions 20 mM of sodium sulfate and 20 mM of potassium nitrate served as electron acceptor, respectively. The culture bottle received 100 ppm of TNT. After preparation, 100 mL medium was dispensed into bottles and made anaerobic as described by Balch & Wolfe (1976) and autoclaved. One gram of TNTcontaminated soil was added to each culture bottle and incubated for 15 days at ambient temperature (20-22
• C). A 5-mL culture was transferred to fresh corresponding medium. After five transfers, experiment was conducted on the sixth enrichment culture.
TNT degradation study TNT degradation study was conducted under various conditions, Namely, TNT as the sole carbon source, TNT as the sole nitrogen source, and under co-metabolism. For TNT as the sole carbon source, the same medium described above was used without molasses and yeast extract and for TNT as the sole nitrogen source, ammonium chloride was not added to the culture medium. Molasses at 0.1% (v/v) served as co-substrate for co-metabolic condition. All experiments were conducted in triplicates with triplicate abiotic control. Bacterial growth and TNT concentration were monitored periodically.
Soil slurry study
To determine whether the sulfate-reducing enrichment culture that is developed in the previous study could metabolize TNT in the contaminated soil, an experiment was conducted with TNT-contaminated soil collected from LAAP. The TNT concentration in the soil ranged from 4,000 to 10,000 mg/kg of soil. The medium described above was prepared in 2.5 L anaerobic bottles with a working volume of TNT mineralization studies After 60 days of soil slurry reactor operation, 25 mLof slurry supernatant was transferred to a respirometer flask. The samples were incubated with uniformly labeled TNT to provide mass balance and determine metabolite production including radiolabeled CO2. The radiolabeled TNT was added to the slurry supernatant at the level of 20,000 disintegrations per minute (dpm)/mL. Samples were withdrawn periodically and the quantity of TNT converted to biomass was determined by trichloroacetic acid precipitable material (Mans & Novelli 1961 ) by using Beckman (Palo Alto, CA) model LS 5000 TD liquid scintillation spectrometer. The CO2 evolved by the sulfate-reducing enrichment culture was monitored by trapping the CO2 in KOH solution as described by Mans & Novelli (1961) . The KOH solution was measured for radioactivity using liquid scintillation counter. The percentage of radioactive TNT mineralized as radioactive CO2 was calculated. The TNT metabolites were analyzed by collecting the fractions every 30 s after passage through the HPLC column. The radioactivity in each fraction was measured and matched with various metabolites' retention time in the HPLC column as described by Boopathy & Manning (1996) .
Analyses
The TNT in the soil was extracted by the method described by Clark & Boopathy (2007) . TNT and its metabolites were monitored using HPLC equipped with two Model 210 solvent pumps, a Model 320 programmable multi-wavelength ultraviolet detector set at 254 nm, a Model 410 system autosampler (Varian, Walnut Creek, CA), and an LC-CN 4.6 mm-i.d × 25 cm HPLC column (C-18 Supleco column) with a particle size of 5-6 µm. The mobile phase was methanol:water (50:50) at a flow rate of 1.5 mL/min with an injection volume of 50 µL. Ammonia, nitrite, and nitrate in the sample were measured using HACH spectrometer using HACH method following HACH protocol. Bacterial growth was monitored by measuring absorbance at 600 nm using a Geneys 20 visible spectrophotometer (Thermo Fisher Scientific Inc., Houston, USA)
Statistical analysis
Analysis of variance (ANOVA) was used to compare TNT degradation for significance (p value ≤ 0.05).
Results and discussion
Enrichment culture studies Figure 1 shows bacterial growth in the enrichment culture experiment. Growth was observed in all conditions except for the abiotic control. The bacterial growth was significantly higher under sulfate-reducing conditions than under nitrate-reducing conditions, when TNT was used as the sole source of carbon. The maximum growth was observed under co-metabolic condition with molasses as co-substrate. Figure 2 shows the removal of TNT under various culture conditions. In all cultures, the initial TNT concentration was approximately 100 ppm. In the abiotic control, the TNT concentration remained constant throughout the experiment, indicating no physical and chemical removal of TNT. The removal of TNT was fastest under sulfate-reducing conditions with co-substrate followed by nitrate-reducing conditions with co-substrate. TNT removal was 100% under sulfate-reducing condition with TNT as the sole carbon source, however, the removal took 21 days compared to co-metabolic condition, which achieved TNT removal within 10 days. Under nitrate-reducing condition with TNT as the sole carbon source, TNT removal was slower and it only removed around 70% of TNT within 21 days of incubation. This experiment showed sulfate-reducing condition worked better compared to nitrate-reducing condition for TNT degradation under anaerobic condition. Further experiments were therefore conducted only under sulfate-reducing condition.
Use of TNT as nitrogen source An experiment was conducted to determine whether the sulfate-reducing consortium could use TNT as the sole nitrogen source. The same medium as described above was used without ammonium chloride in trip- licates. A triplicate abiotic control was used in the experiment to compare the production of nitrate, nitrite, and ammonia from the TNT. Virtually, no nitrate or nitrite was produced from TNT metabolism. The ammonia concentration in the culture medium increased gradually at the beginning and later it decreased because the bacteria used the ammonia that is generated from TNT metabolism for growth and cellular functions. In the control, no ammonia was produced (Fig. 3) . Stoichiometric release of nitrogen from TNT metabolism was not observed as the bacteria consumed the ammonia that is produced as a nitrogen source.
Soil slurry reactor
To evaluate the applicability of sulfate-reducing enrichment culture for the bioremediation of TNTcontaminated soil, an experiment was conducted with 15% soil slurry of TNT-contaminated soil. The sulfatereducing medium described above was used with molasses as co-substrate. A 5% inoculum (pre-grown mid-log sulfate-reducing enrichment culture) was used to start the experiment. A triplicate set of heatinactivated (autoclaved) control reactors were used to monitor the abiotic removal of TNT. TNT was extracted from the soil slurry as described in the Materials and method's section. The soil slurry reactor re- Fig. 4 . Concentration of TNT in the soil slurry reactor operated with sulfate-reducing consortium. The S.D. is less than 0.5%. The ANOVA indicates significant difference in the sulfate-reducing consortium compared to control. Table 1 . Results of radiolabeled TNT study: mass balance for TNT metabolism in soil slurry reactor. sults are given in Figure 4 . The initial TNT concentration in the slurry was 1,022 ppm. In the sulfatereducing enrichment reactor, the TNT concentration dropped steadily and eventually reached below the detection limit of less than 0.5 ppm within 60 days of incubation. During the slurry reactor operation, 0.1% (v/v) of molasses was added every 15 days for two months as a co-substrate. In the control reactors, the TNT concentration remained around 1,000 ppm throughout the study indicating the removal of TNT in the soil slurry was biological and it was not a chemical or physical phenomenon.
Radiolabeled study
The results of the radiolabeled study from the soil slurry reactor are presented in Table 1 . At the initial stages of the experiment (first 7 days), mostly TNT biotransformation products, such as 4-amino, 2,6-dinitrotoluene (4-ADNT), 2-amino, 4,6-dinitrotoluene (2-ADNT), and 2,4-diamino, 6-nitrotoluene (2,4-DANT) were observed in the sulfate-reducing enrichment reactor (data not shown). The data presented in Table 1 showed the production of various metabolites and biomass at the end of soil slurry reactor operation of 60 days. TNT was mineralized as there was 22.5% of radiolabeled CO 2 observed in the study. Most of the TNT was converted to acetic acid (33%) and nearly 25% of TNT was assimilated into cell biomass. Apart from acetate, the other major intermediates observed in the slurry reactor include 2-ADNT, 4-ADNT, 2,4-DANT, butyric acid, propionic acid, nitrobenzoic acid, and cyclohexanone. In the control, almost 100% of the radioactive TNT was recovered as TNT with traces of 4-ADNT and 2-ADNT. This radiolabeled study showed a reasonable mass balance with the recovery of 96% of radiolabeled TNT. Since the rings of the carbons of TNT were uniformly labeled, conversion of TNT to acetic acid and CO 2 clearly denote ring cleavage.
Metabolic pathway
The production of various intermediates under sulfatereducing enrichment suggested that the bacterial consortium has all the necessary enzymes to degrade TNT. The following TNT metabolic pathway was proposed solely based on the radiolabeled study described above. TNT was reduced to 4-ADNT and 2-ADNT first, which were further reduced to 2,4-DANT. There may be two or more intermediates between 2,4-DANT and nitrobenzoic acid, which were not detected in this study. These compounds might be transient and thus not detected in the HPLC analysis. The nitrobenzoic acid was converted to cyclohexanone. This step was accomplished by ring cleavage, which under anaerobic conditions would generally be accomplished by a series of hydrogenation and dehydrogenation reactions. Similar reaction was observed by Harwood & Gibson (1986) who reported under anaerobic condition Rhodopseudomonas palustris produced pimelic acid from benzoic acid by hydrogenation and dehydrogenation reactions via the production of cyclohexanoic acid. Cyclohexanone was further converted to butyric, propionic, and acetic acid via β-oxidation pathway as described by Boopathy & Manning (1996) . Some of the acetic acids were further converted to CO 2 as mass balance analysis indicated 22.5% of radiolabeled TNT was mineralized. There are various bioremediation methods described in the literature for the clean up of explosive contaminated soil. Williams et al. (1992) demonstrated the bioremediation of TNT-contaminated soil by composting. Clark & Boopathy (2007) showed the use of soil slurry reactor and land farming methods for explosive contamination clean up in soil under anoxic condition. Funk et al. (1993) showed potential removal of TNT under anaerobic conditions, but the TNT degradation pathway involved was incomplete. The present study demonstrated that the sulfate-reducing enrichment culture developed from a TNT-contaminated soil has the metabolic capability to degrade TNT completely to non-aromatic compounds, such as fatty acids, and mineralize them to CO 2 . The enrichment culture used TNT as the sole source of carbon and nitrogen. However, the TNT degradation rate was increased significantly under co-metabolic condition with dilute molasses as cosubstrate. The application of this consortium for the treatment of TNT-contaminated soil was demonstrated using soil slurry reactor. The advantage of soil slurry reactor is its simple operating condition. The method only needs mixing and periodic addition of molasses. Molasses is an inexpensive carbon source that could be used in a large-scale operation at low cost.
Conclusions
This study showed the removal of TNT from the contaminated soil under sulfate-and nitrate-reducing conditions. Sulfate reducing conditions removed significantly higher TNT than the nitrate-reducing conditions. The application of the sulfate-reducing consortium in bioremediation of TNT-contaminated soil was successfully demonstrated by the soil slurry experiment as 100% TNT was removed within 60 days. The mass balance study with radiolabeled TNT indicated mineralization of TNT by the sulfate-reducing consortium with the production of fatty acids and CO 2 . The consortium also assimilated 25% of radiolabeled TNT into cell biomass.
